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Figure 2-3. Curves of O, vs. c,zq Showing the Effects of Model
Parameters on the Magnitude of the Phase Variations




f A great deal of experimental work has been performed to determine 1
the parameter C:. For reference, Fig. 2-4 presents representative experi- ]
§ mental datal on the variation of cﬁ as obtained from thermosonde measurements. ,
r .
% j lp. 0. Minott et al., Results of Balloon Atmospheric Propagation Experi-
: ment Fights of 1970, Goddard Space Flight Center Document X-524-72-125 1
(March 1972).
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DESCRIPTION OF COMPUTER MODELS
Separate computer programs were used to calculate laser radar sig-

natures and evaluate the system performance. The program described first,
in Sec. 3.1, is the TARGSIM computer program. This program calculates the
expected value of the total, range-resolved, Doppler-resolved and distri- ;

buted laser radar cross sections. System effects such as finite receiver

aperture, diffuse speckle, and receiver noise are included by modifying the .

expected-value signature, the statistics of the process being known. In

Sec. 3.2 the Sensor System Model assembled for this study is described. 1t

allows the calculation of the complex electric field in the receiver focal

plane for a wide range of input conditions. The model more closely parallels
the operation of an actual system than does the TARGSIM model. It calculates

a series of instantaneous samples of the electric field or detected elec-

trical signal rather than the average value.

TARGSIM COMPUTER PROGRAM
In a laser radar (LR) system where the target is unresolved, the

3‘1

appropriate cross—-sectional quantity is the total laser radar cross section
(LRCS). The total LRCS is defined as the area intercepting that amount of

power which, when scattered equally in all directions, produces a scattered

power density at the receiver equal to that produced by the target; or

2
E.0 = E2(4ﬂ21) (3-1)

1

irradiance incident on the target

(uniform) scattered irradiance at range Z1

4nZ2; = area of the spherical surface at distance z1 from

the target

total LRCS

The cross section of rough, diffuse targets is usually calculated
using the bidirectional reflectance (BDR) of the material and appropriately
summing the contributions from all parts of the target. If the surface is
rough, the phase of the radiation scattered by nonoverlapping macroscopic

10
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subregions is uncorrelated, and the total power scattered by any region of
the target is the sum of the power scattered by each subregion. For a

small, approximately flat portion of the surface, the elemental cross sec-
tion in the monostatic geometry for a polarization-insensitive, isotropic

scatterer can be written
80 = 4mp(8) cos> 8 6A (3-2)

where 6 is the angle between the surface normal and the vector line of
sight (VLOS), 6A is the area of the surface element, and p is the BDR.

The cross-sectional contribution of any region of the target is

Ac = 4 [ f M(D)p(0(F)} cos® 8(F) da (3-3)
S

»

where r is the position of the surface area element dA, S is the region of
interest of the target surface, and M(r) is a "mask" function equal to
unity if the surface element is facing towards the source/observer and is

unshadowed by other parts of the target and is equal tc zero otherwise.

The TARGSIM computer model has been developed to calculate total
LRCS and resolved (Doppler, range distributed) LRCS signatures. The approach
chosen to deal with arbitrarily complex targets at arbitrary viewing angles
is to divide the target up into small pieces. If the pieces are small
enough such that the integrand of Eq. 3-3 can be considered approximately
constant over the area of each piece, the integration can be replaced by
a summation over the appropriate region of the target. For modeling a
complex target, the program synthesizes the required subarea decomposition
data from a simplified input data list. The component surfaces of the
target are described in terms of type, orientation, size, and location in
relation to the Cartesian target coordinate systems (TCS). The aspect angle
used to specify the VLOS for a particular signature calculation is referenced
to the TCS. The zenith angle (6) is measured from the positive z axis.
The azimuthal angle is measured in the x-y plane, referenced to the positive
x axis.

11




The general flow of the program is as follows:
I. Decompose target into subareas and store all subarea data.

2. For each subarea, retrieve descriptive data, calculate

relevant quantity to be associated with that subarea (e.g.,

its incremental LRCS) and store the result. .

3. In a second pass over the subarea data, process each stored
value in a manner appropriate to the signature desired

(e.g., for total LRCS, sum all incremental subarea LRCSs).

While the successive storage and retrieval of various types of stored
data may seem somewhat unnecessary, this approach leads to a highly flexible,
modularized program allowing developmeng\and modification of one section of
the code with little or no change to portions of the code preceding or
following in the execution sequence. Furthermore, the storage process
allows minimization of computer storage requirements while resulting in

only very modest increases in execution time.

The two subarea-associated quantities which are relevant to the cal-
culation of the signatures are the elemental cross section and normalized
radiance of each subarea. The subarea cross section is calculated using
Eq. 3~-2. The value of experimentally measured BDR is found by linear
interpolation between tabled values of p found using a table-search tech-

nique. The normalized subarea radiance is calculated using

Legs ™ p(Bi) cos Gi (3-4)

The target's total LRCS is calculated by summing the individual
cross~section contributions of each of the unmasked subareas. For random
rough (diffuse) surfaces, this process is valid since the scattered radia-
tion from each subarea is completely uncorrelated; hence a simple power

summation is sufficient.




The range-resolved LRCS is the distribution of the target LRCS along
the VLOS. Since the round-trip transit time of the signal depends on the
range to any target element, the range distribution of LRCS can also be
considered the distribution in delay; the units of cross-section density
would be mzlsec. Another way of representing the distribution is to inte-
grate the density over finite ranges of delay time. This is equivalent to
placing the target's LRCS in "bins" by gating the returned signal and inte-
grating. This latter representation is employed in the TARGSIM program
because it is more amenable to numerical computation. In addition, all
real systems will be constrained to sample a finite region of the target
by virtue of the non~infinite resolution of the system. Analytically, the
range-distributed LRCS can be represented by Eq. 3-3, with the surface of
integration restricted to that part of the target surface lying between
the planes.

2, - D22 and z =z +Az/2 (3-5)

N
[}

where z = range
z, = center of the ith range bin

Az = range resolution.
The range resolution can be found using
Az = c1/2 ‘ (3-6)

where ¢ = light speed

T= effectivel pulse width

3.1.1 Doppler-Resolved LRCS .
The Doppler-distributed cross section is the projection of the target's

LRCS along an axis mutually perpendicular to the VLOS and the target's

1i?or transmitted waveforms with time-bandwidth products greater than unity,
the effective pulse width is equal to the waveform's reciprocal bandwidth.
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instantaneous rotation axis. The Doppler distribution of LRCS arises as
follows. A target element moving a radial velocity, AV, can be considered
to shift the frequency of the backscattered radiation (vo) by an amount

N
<

£ =—L2v=2yy (3-7)

1f the target is rigid and rotating, the velocity of a point cn the target
is

Av = Vt + wx sin ¢ : (3-8)

where Vt translational velocity of the body's center of mass

w = rotation rate

x = distance from the target point to the plane formed by
the VLOS and spin axis

¢ = angle between the VLOS and the spin axis

Neglecting the simple fixed frequency shift caused by target translation,
the Doppler shift can be written

(= Mygn (3-9)

Since the radiation scattered by a section of target at cross-range dis-
tance x is shifted in frequency by the amount given in Eq. 3-9, the Doppler-
distributed LRCS can be considered the cross-range distribution.

In a manner similar to the range distribution, the Doppler distribu-
tion can be represented by Doppler bins (corresponding to the outputs of a
bank of ideal Doppler filters, each centered at a different frequency). The
Doppler-distributed LRCS can then be represented by Eq. 3-3 with the surface
of integration restricted to that part of the target's surface lying between
the planes

14
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where Af is the frequency resolution of the system.

The distributed cross section is calculated from the normalized
target radiance. The cross section for that portion of the target falling
within the projection of a unit normal area can be found by integrating the
target radiance over that area. If the target radiance is approximately

constant over that area, the resolution cell contains a cross section
Aok = 4T AAk <Lk> (3-11)

where AAk is the cell's area normal to the VLOS and <Lk> is the average
radiance of the target within that cell. The target radiance within a
given cell is determined by projecting the calculated radiance of each sub-
area onto an array of image cells. Since the distributed LRCS is a pro-
jection of the target's radiance on a plane perpendicular to the line of
sight, it is essentially analogous to the angle-angle type images produced

by a conventional telescope.

3.2 SENSOR SYSTEM MODEL _

A computer simulation program, referred to as the Sensor System Model,
has been assembled to calculate the response of a laser transceiver system
for a wide variety of input conditions. The program was developed largely
by combining and integrating all or part of existing computer‘nodels. A
block diagram of the model is illustrated in Fig. 3-1.

The model performs the same basic calculations as described in
Appendix A for speckle phenomena, the major difference being that the system

15
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response function is calculated for the focal plane geometry and combined
with the scattered electric field from the object in the target plane. Use
of the fast Fourier transform (FFT) algorithm allows the calculation to be
made for arbitrary focal plane and aperture plane geometries.

Modeling of the target involves using a routine from the TARGSIM
program previously described to generate a three-dimensional array describ-
ing the geometry and reflectance properties of the target. At the aspect
angle of interest, the target is projected onto a plane normal to the line
of sight as a two-dimensional array of point scatterers. The initial phase
of the scatterers is uniformly distributed between 0 and 2m. Rotation of
the target about some axis causes a time modulation of the instantaneous
phase of the scatterers. The response at a point or area in the focal plane
of an optical system is calculated by combining the array of scatterers
composing the target with the system response function. This function
includes all of the optical effects that are introduced by the propagation
path, receiver (and transmitter) optics, and the focal plane geouietry. If
desired, certain post-detection processes can be included as well. The
length of time over which the calculations can correspond are restricted by
the duration of the validity of the time-varying atmospheric model, and by
the restriction that no apparent change in target aspect angle be allowed.

Pointing jitter is included in the simulation by generating a time-
correlated series of numbers representing the jitter of the optical axis
of the laser receiver about some mean pointing direction. The jitter in
the x and y directions in the model is uncorrelated. The required inputs
for the model are the probability distribution function for the angular
pointing deviations (assumed to be zero-mean Gaussian) and a‘power spectrum
of the uncompensated induced noise perturbations of the optical line of
sight. In an actual pointing system, this spectrum would be a function of
many factors including servo loop gains, the spectrum of input vibrationms,

R o s
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gimbal static friction, and transmissivity of the mounts. For this study
no model for generating a pointing error signal was incorporated; therefore
closed-loop simulation was not attempted. Rather than consider a specific
pointing system complete with detailed information for all input parameters,
a representative jitter spectrum was used for the purposes of checking out
and illustrating the model outputs.

As an example of the output of the sensor system model with and
without jitter effects, images of a point source are presented in Fig.
3-2 which represent the output of a direct detection imaging system. In
such a system there will be some finite detector response time. Any
random movement of the optical system at a rate which is slower than
the detector response time will not affect the image quality. Movement
which is faster than the detector response time, on the other hand, will
appear as a resolution degradation factor. This effect 1s illustrated
in Fig. 3-2. The image in Fig. 3-2A is the familiar Airy pattern of a
point source with no jitter included. Figs. 3-2B and 3-2C show the same
image for the cases of a pointing jitter standard deviation of 3 urad
and 5 urad, respectively. For the jitter spectrum used and the 20-msec
duration of the image exposure, 20 indgpendent jitter samples are con-
tained in the images.
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4 CASE STUDIES

e , Y?F;gction were exercised
to produce a representative lulplc oﬁ-i!fectlw, mtered in laser detec-
tion systems. Four targets were used in the analyuii (1) a satellite
(Meteor), (2) cruise missile (S%yx) (3) SLBn,»and' fa an RV. The target
geometries used in the sinulltiont and 111ultratcdfh.10w are approxima-
tions and are not meant to be ‘exact teplicls of a purticular vehicle. The
effects presented in this section were not tied to any specific scenario
involving the targets and laser I’ltdlj the modeling of scenarios is dis-
cussed in Sec. 5. All of the results are at 10.6 um and for copolarized
transmitter and receiver.

4.1 DESCRIPTION OF TARGETS
4.1.1 Meteor Satellite

A drawing of the satellite model is shovn in Fig. 4-1. The satel-
lite has two large solar paddles (each 2.4 m by 2.4 m in extent) on op-~

posite sides of the central cylindrical section. The solar paddles were
covered on one side with a gliﬂty matericl (naxi-um BDR 5000 sr 1. effec-
tive width 1.5°). The other side of the paddles and the rest of the
satellite were coated with white paint.

The distributed cross section of the satellite at six aspect angles
is shown in Fig. 4-2. Aspect anjles normal to the glinty side of the solar
paddles were avoided since they show a return only from the paddles and do
not illustrate the satellite structure. The distributed cross section for
viewing normal to the painted side of the paddles is shown at the aspect
angles 6 = 120°, ¢ = 180°. Aspect angles are measured relative to the x,
y, z coordinate system as shown in 4-1.

{4
The total cross section of the satellite at various aspect angles is
shown in Fig. 4-3. Except for the returns near normal incidence to the
solar paddles, the total cross section is less than about 2 mz. The dif-

fuse nature of white paint causes the broad peak in cross section for

20
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: ¢ = 180° ("back" of paddles) contrasted with the delta-function-like glint
for ¢ = 0° ("front" of paddles).

4.1.2 Cruise Missile (Styx) “
Two views of the missile are shown in Fig. 4-4. The main body is

cylindrical with an ellipsoidal nose and conic tail. The wings and fins

are planar; however, the wing edges are cylinders of small diameter (0.04 m).

The entire object is modeled of "aircraft material” (unpainted aluminum).

The distributed cross section at six aspect angles is shown in Fig.
4-5. "Topside" and side-looking aspect angles were chosen because these are
most likely to be encountered by a satellite4borne radar. The wings produce
a sizable glint for normal viewing as shown by the ¢ = 0° total cross-
section curve in Fig. 4-6. The two smaller peaks in the ¢ = 90° total
cross-section curve (corresponding to viewing in the plane of the right-
bhand drawing in Fig. 4-4) at 6 = 56° and 160° are caused by the forward-

and rearward-facing cylindrical edges of the wings, respectively.

4.1.3 SLBM

Figure 4-7 shows the missile model. The nose is unpainted aluminum,
while the remainder of the structure is painted black or white. The se-
quence of distributed cross-section images in Fig. 4-8 further illustrates
the basic structure and shows a slight difference between the white and
black painted regions. The total cross section shown in Fig. 4-9 indicates
a maximum value normal to the nose conic (0 = 70°) as well as a lesser peak

normal to the cylindrical body (6 = 90°).

4.1.4 RV :

The RV model selected for this study is relatively small (less than
2 m in length). The drawing in Fig. 4-10 shows the distribution of materials
(principally phenolic carbon) and the locations of four small windows
placed symmetrically on the RV. The window material (fused silica) gives a
decided glint near normal incidence. The distributed cross-section images
are shown in Fig. 4~11. The total cross section curve in Fig. 4-12 shows
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Figure 4-7. SLBM Outline Drawing ! |
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NOTE: DIMENSIONS IN METERS

Figure 4~10. Outline Drawing of Reentry Vehicle
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the order-of-magnitude increase at azimuths affording normal viewing to the
windows. For those scenarios in Sec. 5 which include proper dynamic motion
of the RV, the spin axis is taken along the body symmetry axis, while the
tumble axis is taken as perpendicular to the -y-itty axis.

4.2  APERTURE BLURRING

The resolution of a finite-sized aperture is a fundamental limitation
in the production of an image. Figure 4~13 shows the distributed cross-
section image of the Meteor satellite viewed at aspect angles 6 = 90°, ¢ =
0°. The resolution' associated with Figs. 4-13A-D is 0.1, 0.3, 0.5, and
1 m, respectively, and no speckle effect{ are included. For reference, the
tip-to-tip extent of the solar paddles 1s about 6 m.

The sequence of pictures clearly shows how bright spots (e.g., the
vertical line on the cylinder) remain prominent and increase in extent
vhile all details except the general outline of the object become indiscern-
ible. The image-degrading effect of aperture blurring is further increased
by speckle effects.

4.3 SPECKLE EFFECTS .

Figures 4-14A and B show the effect of speckle on the distributed
cross~section images of the Meteor satellite at aspect angles 6 = 90° and
180°, respectively. To eliminate the effects of aperture blurring, the
resolution of these two images was set to 0.01 m. The non-speckle counter-
part to Fig. 4~14A is shown in Figs. 6.—2 and 4-13A.

To produce Fig. 4-14, the scattered electric field associated with
each elementary area in thé image is treated as a random variable as dis-~
cussed in Sec. 2.1. Thus, no two speckled images of the same target viewed
at the same aspect angles would appear exactly the same. However, if many
such pictures were compared, the average value of the intensity in the
elementary areas comprising the mge'v‘vould approach that of the correspond-
ing areas in the non-speckled picture.

Ipefined in Appendix A.
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An example of speckle effects on Doppler-resolved cross-section
measurements is shown in Fig. 4-15. The Meteor satellite is viewed at the
aspect angle 6 = 90° at a rotation rate of 5 mrad/sec about the symmetry
axis of the cylindrical section. The Doppler bin spacing is 190 Hz, giving
a cross-range resolution at the target of about 0.2 m. The resolved Doppler
cross section appears in bins number 10 through 42 inclusive.

Figures 4-15A, B, and C show three ihdependent samples of the resolved
cross section. The amplitude of. the signal (cross section) appearing in
each bin is treated as an exponentially distributed random variable. The
average value of these random variables is shown in Fig. 4-~15D which simu-
lates the Doppler-resolved cross section in the absence of speckle effects.
The central peak corresponds to the return from the cylindrical body of the
spacecraft, while the flat portion of the spectrum on either side corresponds
to the return from the solar cell panels. It should be noted that, for an
exponential probability distribution, the standard deviation is equal to
the mean. Thus, it is not surprising that the amplitudes of the bins vary
widely in Figs. 4-~15A, B, C.

The effects of speckle-induced fluctuations may be reduced by the
non-coherent averaging of samples like those discussed above. Figures
4-16A, B, and C show the averaging of 3, 50, and 100 samples, respectively.
(The three-sample average corresponds to the data shown in Figs. 4~15A, B,
and C.) As above, the amplitude of the Doppler signals was treated as a
random variable. However, the appropriate statistics here are those of the
gamma probability distribution. Again, Fig. 4-16D shows the speckle-free
cross section. ;

In examining a particular sequence of random variables, it should
alwvays be remembered that they are statistical quantities and can be prop-
erly interpreted only as such. As an example, note that the standard
deviation of a gamma-distributed random variable is its average value
divided by the square root of the number of samples averaged. The average
value of the cross section in bin 26 is 0.6 n2 (Fig. 4-16D), whereas Fig.
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4-16C (N = 100) shows n value of 0.7 m2 in this bin. The probability of
a deviation at least this large (1.670) is about 0.1. In other words, if
different sets each containing 100 uncorrelated samples are averaged to
produce a new sequence of random variables obeying gamma statistics (with
N = 100), about 10% of the new variables would deviate at least this far

from the speckle-free value.

The previous examples were produced using the TARGSIM computer pro-
gram to calculate the ensemble averaged signatures. The speckle-induced
fluctuations have been incorporated in an a posteriori manner, the statistics
of the process being known. Using the sensor system model, instantaneous
signatures which intrinsically include the effects of speckle can be calcu-
lated. For example, the power spectral density (PSD) of coherently illumi-
nated rotating targets can be calculated from the Fourier transform of the
heterodyne-detected signal. The ensemble averaged PSD is equivalent to the
Doppler-resolved cross section. The temporal PSD can be computed in an un-
correlated or a correlated fashion by sampling the electrical signal at
separated time intervals, or over-lapping time intervals, respectively. An
example of the correlated temporal PSD for a rotating sphere is illustrated
in Fig. 4-17A. The horizontal axis is temporal frequency; the vertical axis
is normalized power spectral density, and the receding axis is time. Each
horizontal scan corresponds to a single temporal power spectral analysis of
a time interval, and subsequent scans are PSDs at other correlated time
intervals. The normalized electrical signal and its calculated probability
density function (PDF) are shown in Figs. 4~17B and 4-17C, respectively.

For a diffuse target, the PDF should be normally distributed. (More inde-
pendent samples would be required to verify this for the example illustrated.)

Figure 4-17A illustrates the type of output possible using near~real-
time signal-processing techniques in conjunction with a coherent receiver.
For example, the electrical signal obtained from the detector (or one channel
of a matrix of detectors) could be input to a spectrum analyzer yielding an
output equivalent to one of the frequency traces in Fig. 4~17A. Successive
time samples of the electrical signal would yield successive frequency traces.
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Since the frequency resolution is inversely proportional to the duration

of each time sample processed, the system could be designed to allow vary-

ing the resolution to obtain the level of detail required for a particular %
case. Using suitable processing techniques, a series of frequency traces

could be averaged to yield an estimate of the Doppler spectrum. The esti- .
mated spectrum could be continuously updated and monitored by comparison

with previous estimates. In this way the system could be automated to

yield Doppler spectra using the proper number of samples for the accuracy
specified or could determine that the signal spectrum was changing too

rapidly to obtain enough independent samples to converge to a good estimate

of the true ensemble average.

4.4  COMBINED SPECKLE AND APERTURE-BLURRING EFFECTS

Figure 4-18 shows a sequence of six distributed cross-section images
including both speckle and finite aperture effects of a Meteor satellite
at aspect angle 6 = 90°, ¢ = 0°. As before, the tip-to-tip solar paddle
extent is about 6 m, while the overall image width is 8 m.

Table 4-1 gives the resolution associated with each of the images
in Fig. 4-18. The table also gives corresponding sample values of aper-
ture diameter and target-sensor range. For the scenarios considered in
Sec. 5, typical ranges are from 250 to 1000 km. Thus "conventional" angle-
angle imaging (as distinguished from range-Doppler imagery) of targets of .
interest is not practical for viewing through 1 m optics at A = 10.6 im.

4.5 DAMAGE ASSESSMENT EFFECTS

To illustrate the possibilities and difficulties of using a laser
to perform damage assessment, a simulated "burn spot" was added to the
Meteor satellite and to the RV. Figure 4-19 shows an image of the satel-
lite at aspect angle 6 = 65° (5° from normal viewing). The damaged area
was simulated by a small disc (diameter 0.6 m) centered on one of the four
planes comprising one of the solar paddles. The disc was coated with

black paint to provide some contrast with the solar paddle material.
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TABLE 4-1 |
PARAMETERS ASSOCIATED WITH IMAGfgSo,SHWN“IN FIGURE 4-18  i ;
Wavelength = 10.6 um; Image Scale width ~8n e o}

‘Supli et Associated

Image -~ Aperture Target

Figure Resolution (m) Diameter (m) ge |
A 0.1 0.5 3.9
1 7.7
| S 0.3 v B 11.6
1 23.2
2 ) ! : -.“.‘.
5 116.0
C 0.5 0.5 19.3
1 38.7
2 77.3
5 193.0
D 1.0 0.5 38.7
1 77.3
2 155.0
5 387.0
E 3.0 0.5 116.0
1 232.0
2 464.0
5 1160.0
o, 10.0 iy 0.5 387.0
5 1 773.0
2 1547.0
5 3866.0
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Figure 4-20 shows the effect of the burn spot on the Doppler-resolved
cross section by comparing the average Doppler cross section of the usual
Meteor satellite (Fig. 4-20A) with that of the altered version (Fig. 4-~20B).
The satellites were spinning about the cylinder axis. The cross-range res-
olution was set to 0.3 m, so that the burn spot should affect two or three
Doppler bins. 1In fact, the additional cross section contributed by the spot
appears in bins 31 and 32. (The cross section increased because the BDR of
black paint is greater than that of the solar paddle material at 5° from the
surface normal.)

The observed increase in resolved cross section in bin 31 is from
0.0887 .2 to 0.1007 lz in Fig. 4-20B. This gives a contrast ratio of 1.135.
As shown in Sec. 4.3, the effect of speckle is to randomize the contribution
to each Doppler bin about the average values shown in Fig. 4-20. If only
one sample of the Doppler-resolved cross sections is obtained, it can be
shown1 that for exponentially distributed random variables the probability
of detecting such a small contrast ratio is 0.53. That is, by examining
single sample resolved cross-section measurements of the normal and burned
satellites, the chance of corroctly‘detcrlining which satellite has been
damaged can just as well be simulated by flipping a coin. For this small
a contrast ratio, even averaging many measurements may not be of great
help. Some 200 te 300 samples would have to be averaged before a proba-
bility approaching 0.9 of reliably discerning the above contrast ratio
would be attained.

For the materials used here to simulate the burned area, it was
observed that the normal vs. burned target Doppler cross-section compari-
sons retained the general character shown in Fig. 4-20 for 20° to 40° in
aspect angle away from the surface normal. In an actual scenario, this
leeway in data taking could allow extra time for accumulating the needed

measurements to assess the damage.

1J. Wilson, A Theoretical Evaluation of Laser Range-Doppler Imaging Radar
Performance, General Research Corporation, Report 506W-06-TR, December
1974.

46

i e

a5 ot S e i




YIS S Iy

LTS TS ST ST
PP

0.0600

it AT

.

g YW T N e

aSTR————

-

(A)
(8)
47

YLSS LS LSS LLD ST LS BT

s 28 7 .llll'nl.lll!.l'il”llﬂ‘l“"
3 € 6 8 NI NUBNNNMNESBNNNNDOWQGBSSEH
80 52 34 00 00 20 22 24 35 20 30 32 39 36 38 40 42 44 96 48 B0
Doppler Resolved Cross Section of Meteor (A)
Without burned area, (B) With burned area.
Note that burned area appears in bins 31 and
32.

138 7 9 80 0205 47 19 20 2225 27 2901 D3 2T W AL O SO

0.1800
0.32%
0.0008
0.0¢00.
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Figure 4~21 shows an image of the RV viewed normal to the cone
(6 = 81°). The cone-shaped burned area was placed on the side of the
cone near the base and was covered with a very diffuse hypothetical ma-
terial whose peak BDR was a factor of 10 less than that of the original
phenolic carbon. The burned area appeatq'in Fig. 4-21 between the break
in the bright vertical line where the cone 1s viewed normally. (The
window seen in Fig. 4-11 was removed here to avoid glint effects extra-
neous to the present discussion.)

Because the RV is rather narrow (0.54 m diameter), a cross-range
(Doppler) resolution of 0.3 m as used for the satellite places the entire
target within 3 bins. To improve the display of Doppler-resolved cross
section, the resolution was changed to 0.05 m. The results are shown in
Fig. 4-22A for the normal RV and in Fig. 4-22B for the simulated burn
effects. The RV was spinning about the axis of the cone. As before,
speckle effects were notﬂincluded ig the figure.

For the cross-range resolution shown in Fig. 4-22, the ratio of
the amplitudes in bin 26 is 1.13. Therefore, the same comments which
were made for the Meteor satellite concerning resolution of this small
a ratio in the presence of speckle apply here as well. The contrast
ratio for the bins showing the largest return increases slowly with
finer resoiution (the ratio is 1.08 for a resolution of 0.3 m). How-
ever, the amplitude of the signal in the Doppler bins decreases with finer
resolution. If noise were included, the data taken with better resolution
would have a smaller signal~to-noise ratio.

4.6 NOISE EFFECTS

The effect of receiver noise on the target signal is discussed in
Appendix B, where the addition of shot noise is analyzed for a heterodyne
detection system. Resulcs of the simulation are shown in Figs. 4-23B to F,
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which display the distributed cross section of the Meteor satellite at
aspect angle 6 = 90° for signal-to-noise ratios (SNR) of 100, 50, 30, 10,
and 5, respectively. For reference, the noise-free image previously
illustrated in Fig. 4-18A 1s repeated in Fig. 4-23A. The resolution
associated with Fig. 4-23 is 0.3 m.

Whether or not the target can be detected in the noise is dependent
upon subjective considerations. Between SNRs of 30 and 10, the outline
of the solar paddles is lost. However, at a SNR of 10 some information
(bright spots) can still be seen in the solar paddle region. Since at
this aspect angle the paddles are diffuse reflectors, any such bright
spots are statistical fluctuations and will vary in exact location from
image to image.

The more glinty return appearing as a vertical line along t:he.~
cylindrical section is obviously due to normal viewing of that surface.
Although the line is somewhat blurred by finite resolution and broken
up by speckle effects, some return signal can be seen even with a SNR
of 5. Of course, the extraction of the image from the noise can be
aided by the averaging and contrast detection techniques discussed in the

previous sections.
4.7 ATMOSPHERIC EFFECTS

4.7.1 Turbulence Effects on Image Detection

The modeling of the effect of atmospheric turbulence on laser beam
propagation is discussed in Sec. 2.2. Examples of exercising the turbu-
lence model in conjunction with the sensor system model are shown in Figs.
4-24 through 4-27. The effect of turbulence on the far-field diffraction
pattern of a circular aperture is shown in Fig. 4-24. The top row of
images (Fig. 4-24A~C) compares the diffraction with no turbulence to the

diffraction patterns with increasing levels of turbulence for a constant
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T=20.1 msec

T = 0.2 msec

T = 0.2 msec

T = 0.4 msec

Figure 4-25.

Intensitv Contour Maps of the Resolved Image of a Uniformly
Illuminated Two-Point Target. D = 4 m. Viewed through a
0.65-m circular aperture at a range of 150 km using 10.6-um
radiation. A static atmosphere with no absorption was as~
sumed. The changes occurring with time are a result of the
target's 1.65 mrad/sec rotation rate. O_ = RMS phase varia-
tion of the atmosphere. >



1= 0 gec

T = 0.1 msec

T =0.2 msec
é
i T = 0.3 msec
E T = 0.4 msec

- Figure 4-26. Intensity Contour Maps of the Unresolved Image of a Uniformly

| Illuminated Two-Point Target. D = 4 m. Viewed through a

! 0.65-m circular aperture at a range of 450 km using 10.6 um
radiation. A static atmosphere with no absorption was as-~
sumed. The changes occurring with time are a result of the
target's 1.65 mrad/sec rotation rate.
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value of the outer scale, Lo. (See Sec. 2.2 and Fig. 2-3 for the defini-
tion of o, and Lo.) The bottom row of images (Fig. 4-24D-F) displays

the change in the diffraction pattern for different values of Lo. In the
computer model used, a change in L0 affects not only the value of On com~
puted, but also the cut-off frequency used for the spatial frequency
spectrum. The effect of this cut-off frequency can be seen by comparing
Fig. 4-24C with Fig. 4-24D. The pattern in Fig. 4-24D shows more random
structure and dispersion of the beam even though the value of cn is lees
than for Fig. 4-24C.

Using the same phase array as for Fig. 4-24C (i.e., o = 2.4), con-
tour maps of direct~detected images of a two-point rotating target with
and without turbulence are illustrated in Figs. 4-25 and 4-26. Figure
4-25 shows the two points resolved; Fig. 4-26 shows the two points un-
resolved. For the duration of the computer experiment (0.5 msec) the
atmosphere was stationary. The effect of target rotation in the images
with no atmosphere turbulence is to introduce fluctuations in the in-
tensity of the two points. The phenomenon of "super-resolution" displayed
in Fig. 4-26 where the two points appear to be resolved at T = 0.2 msec,
occurs for the special case of a two-point target, but is not of general
interest for complex, diffuse objects. For the cases with turbulence
present, the intensity of the two points appears to fluctuate and move
about with time. The average of several images would result in increased
blurring of the two points, with a corresponding decrease in resolution.
If the averaging process encompassed a time interval over which the
atmosphere changed significantly, an additional loss of resolution would
be incurred. It might be mentioned that the decrease in resolution could
be offset somewhat by c.rrelating the peak intensities of successive images
prior to averaging, but this technique would quickly break down for more

complex objects.

The effects of turbulence on the direct-detected image of the Meteor

spacecraft at an aspect angle normal to the cylindrical main body is
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illustrated in Fig. 4-27. Resolution at the target was approximately
0.6 m and unifrom illumination was used for each image. Figure 4-27A
illustrates the speckled, blurred image with no turbulence. Figures
4~27B and C illustrate the images obtained for L0 = 10 m and on = 0.75
and 2.4 rad, respectively. The images illustrate that even a relatively
small amount of turbulence severely degrades the image quality. The
quality of the image could be improved simply by incoherently averaging
a set of independent samples to reduce the effects of diffuse speckle as
discussed in Sec. 4.2. Since both compensated imaging systems and non-
imaging adaptive systems to reduce atmospheric effects on system perform-
ance have been the subject of numerous studies, they will not be pursued

here.

4.7.2 Atmospheric Effects on Synthetic Resolution

The atmosphere is often characterized as a time-invariant loss for
the performance analysis of laser radar systems. However, the intensity
and phase perturbations of the detected wavefront have a temporal power
spectrum that sometimes exceeds 1 kHz. This temporal modulation can se-
verely distort the received signal and subsequently reduce the performance
of a radar system. In this section we will bound the magnitude of these
effects by utilizing both experimental and theoretical data. To simplify
the presentation of the data, we have assumed that the receiver has an
aperture of 1 m and is operating at a wavelength of 10 um. The values

are listed in Table 4-2 and can be scaled to other wavelengths as required.

The first link analyzed is an (space object identification) SOI
application with a ground-based receiver interrogating a satellite in a
low orbit. This mission will be referred to as Scenario 1.1 The second
mission (Scenario 2b)1 assumes that the receiver is in a low-orbit satel-
lite viewing a subsonic aircraft in level flight. In all cases it is as-
sumed that the target is illuminated by a laser that is operating at a
single wavelength and that the target has a distributed return that is
generally diffuse.

1See Section 5.2 for scenario descriptions.
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4.7.2.1 Detection Technique
The characterization of the atmospheric degradation is highly de-

pendent upon the type of optical detection used [i.e., (1) incoherent or
direct detection, and (2) coherent or heterodyne detection] as well as the
type of post-detection processing that is being used. The following post-
detection techniques are representative of the three major classes of re-

ceivers.

Range Measurement with Incoherent Optical Detector. This is the

commonly encountered detection scheme that is used in range
finders that operate in a photon-counting mode.

Doppler Measurement. This system assumes that an optical hetero-
dyne receiver is utilized to obtain the spectrum of the ro-
tating target. An interval of the output signal is subse-
quently subjected to a Fourier analysis to determine the
spectral characteristics of the received signal.

R/D Imaging. The matched filter detection of a large time-bandwidth
product signal is assumed with the detector output signal
being used for the generation of a synthetic image having
the dimensions of time delay (range) and Doppler shift (cross
range) .

4.7.2,2 Reciprocity Theorem
An important reference in the following discussions is the Reci-

procity Theorem of the atmosphere, as first stated by Fried.l This theorem
states that the scintillation detected by a point receiver from a point
source with an intervening atmosphere will have the identical depth of

scintillation when the roles of the source and the receiver are inter-

changed. Care must be taken in the application of this theorem since the
introduction of a source or receiver that is larger than some character-
istic dimension of the atmosphere will alter the reciprocity of the prop-
agation of the wavefront.

1D. L. Fried and H. T. Yura, "Telescope Performance Reciprocity for Prop-

agation in a Turbulent Medium," J. Opt. Soc. Am. 62, 600 (1972).
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4.7.2.3 Scintillation

The scintillation of the received signal for a typical vertical path
through the atmosphere has been determined nnalyttcnllyl and experimen-
ta11y2’3
aperture averaging for satellite viewing (Scemario 1) due to the possible
existence of high spatial frequencies in the received wavefront. However,
calculations for Scenario 2b indicate that the spatial frequencies of the
upward propagating beam will be extremely small (large spatial extent).
Thus, the satellite optical receiver aperture of Scenario 2b does not aver-
age the received signal to reduce the depth of modulation of the received
signal. From the Reciprocity Theorem, the two scenarios would have the
same scintillation if the element located near the earth were physically
small relative to the characteristic length of the atmosphere (less than
a small fraction of a meter). However, since we have chosen a ground-

for the case of a point receiver. This value may be reduced by

based 1-m receiving aperture for Scenario 1 and a cruise missile for Sce-
nario 2b, the conditiens for the Reciprocity Theorem are violated. Since
the turbulent medium is concentrated near the earth, the scintillation of
Scenario 2b may be severe. )

4.7.2.4 Phase Modulation

The phase distortion of the wavefront propagating through the atmo-
sphere is best characterized by the parameter, Og = RMS which is the de-
viation from the best fitting plane wavefront. In this calculation we
have assumed that the tilt term of the phase-front modulation can be re-
moved by the tracking operations of the receiver. This parameter has two
components: the phase modulation that is associated with the scintilla-
tion that was previously discussed, and the phase modulation that is in-
duced by perturbations that are optically near the receiving aperture.
This parameter is important in that it indicates the efficiency of the

L. N. Peters, "Phenomenological Model of Scintillation," Applied Optics,
October 1976.
2

AMOS Annual Report 1 January 1973-1 December 1973, AVCO Everett Research
Laboratory, Inc., Report No. F04701-72-C-0081, December 1973.

3P. 0. Minott et al., Results of Balloon Atmospheric Propagation Experi-
ment Flights of 1970, Goddard Space Flight Center Document X-524~72-125
(March 1972).
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of the receiver heterodyne process and also indicates that magnitude of
of the phase jitter that is present in the detected heterodyne signal.

4.7.2.5 Frequency Response of Perturbations
In the two scenarios that have been identified in. this section, the

relative velocities of the receiver and the target induce a slewing motion
of the line of sight through the atmosphere. It is the translation of the
atmospheric disturbances through the line of sight that gives rise to the

temporal modulation of the received signal. Also, the boundary layer and

the inviscid region surrounding the cruise missile of Scenario 2b have the
potential of introducing high frequency modulation. Because of the uncer-
tainty in the calculation of the boundary layer and engagement parameters,
the frequencies listed in Table 4-2 for the phase and amplitude modulation

should be considered as only representative.

4.7.2.6 Differential Time Errors
It is conceivable that the dispersion of the atmosphere could induce

differential time errors that could in turn induce a blurring in the range
resolution of the system. However, when we consider that the phase errors

3 Hz) are

(that are associated with the optical carrier frequency of 3 x 10
of the order of only a few cycles, it is obvious that the differential time
delay between any two scattering centers of the target will be exceedingly

small.

4.7.2.7 I1llumination

The illuminator wavefront will suffer both phase and amplitude per-
turbations as it propagates through the atmosphere. The absolute phase
of the illumination beam impinging upon a diffuse target is unimportant
due to the random nature of the diffuse surface. However, temporal modu-
lation of the phase may adversely effect phase-sensitive measurements such

as range-Doppler imaging. The intensity variations introduced by the atmo-

sphere can have an adverse effect upon the system performance sincé this
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perturbation of the beam will both spatially and temporally modify the
target-distributed radiance. The atmospheric noise will be especially
detrimental to the system performance if it has a bandwidth that exceeds
the characteristic frequencies of the post-~detection processing elec-

tronics.

4.7.2.8 Effect of Errors upon System Operation

The time delays and phase modulation of the detected wavefront re-
duce the accuracy to which we may make the range, Doppler, and the R/D
imaging operations. For example, the phase errors will be one of the
factors that determine the lower limit of the frequency resolution of the
Doppler measurements. From the values listed in Table 4-2, it appears
that the systems of Scenarios 1 and 2b cannot expect to have a Doppler
resolution better than a few hundred hertz. The limits in the accuracy
of the range measurements as determined from atmospheric considerations
will be sufficiently small to be ignored. By this we do not imply that
the measurement of the absolute time delay (as would be required for the
calculation of the range to the target) will be exact. In practice, the
uncertainty introduced by the unknown refractive index profile will limit

the accuracy of this measurement.
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5 SCENARIO STUDIES
In order to provide a more realistic assessment of the type of laser

radar data likely to be observed for the targets discussed in Sec. 4.1, a
geometrical and dynamical computer model was assembled, describing an en-
counter between each target and a hypothetical satellite-borne radar. An
encounter between a ground-based radar and a sétellite was also modeled.
The following section describes the simulator itself, with some results

for the observed total cross section presented in Sec. 5.2.

5.1 SIMULATOR DESCRIPTION

The computer simulator was designed to provide a time sequence of
both scalar (e.g., range, aspect angles) and vector (e.g., rotation axis)
quantities of interest for a laser radar viewing a target. A few consid-
erations are common to all the scenarios. In all cases, time zero cor~
respondé to the occurrence of minimum range between the radar and the
target, with negaﬁive 1:imes describing the period during approach to min-
imum range, etc. Becsuse of the relative motion between the radar and
target cénter of mass, the latter has an apparent rotational motion with
respect to the former. Where appropriate, this quantity was combined
(vectorially) with any motion of the target about its center of mass.
Since the various targets are oriented only relative to the radar (and

not with respect to the earth) the rotation of the earth was not included.

Five scenarios were modeled. Table 5-1 lists their targets, the
radar locations, the user-supplied parameters and their symbols, and

representative values chosen for some of the exercises in Sec. 5.2.

Figure 5-1 shows the parameters modeled for a ground-based radar
viewing a satellite (Scenario 1). The radar antenna is placed at a
specified height above the surface of the earth. The orbital plane of
the satellite intersects the surface of the earth at a minimum distance
D (measured along the surface of the earth) from the radar site. The

space object is placed in a circular orbit at altitude Hs. Since the
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?1gure 5-1. Encounter Between Ground-Based Radar and a Satellite
(Scenario 1)

66

o o LTS MG e i m.vrcw—-.--,-.,‘
E

——
1




T

Meteor satellite is not azimuthally symmetric, provision was made to
specify the orientation of the solar paddle axis with respect to the or-
bital plane (angle Y). Utilization of the parameters D and |y can pro-

vide a wide variety of viewing aspects.

The Meteor satellite is an earth-center stabilized object. Thus,
the symmetry axis of the cylindrical section always points to the center
of the earth. This requires that the satellite rotate about its center
of mass with a period equal to the orbital period (and with the rotation
axis perpendicular to the orbital plane). For the parameters selected
in Sec. 5.2, this "proper" motion accounts for 10% to 30% of the satel-

lite rotation rate as seen by the radar.

Figure 5-2 shows the parameters relevant for describing the encoun-
ter between a satellite-borne radar and another satellite or a cruise mis-
sile (Scenario 2a). Both objects are placed in circular orbits at alti-
tudes HR and HS’ respectively. The angle between the orbital planes (B)
is arbitrary. The orientation of the Meteor's solar paddles is again
specified by Y. An additional consideration in describing the motionms
of two space objects is the direction of their orbital rotations relative
to each other. Both co- and counter-rotating motions are allowed in the
simulator. In either case, at time zero the two objects are located along

the line of intersection of their orbital planes.

The same basic configuration shown in Fig. 5-2 can be used to de-
scribe the encounter with a cruise missile (Scenario 2b). The missile
altitude (Hs) is, of course, very small compared with orbital altitudes.
The most iamportant difference between satellite and cruise missile tar-
gets is that the velocity of the former is determined by orbital mechan-
ics, while that of the latter is specified in the simulator by the user.
The Styx missile was maintained in a horizon-stabilized flight by rotat-
ing the object about its center of mass in a manner analogous to that
of the stabilized satellite.
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Figure 5-2. Encounter Between Satellite~Borne Radar and a
Satellite (Scenarios 2a and 2b)
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The encounter between the satellite~borne radar and an SLBM near

launch is shown in Fig. 5-3 (Scenario 2c¢c). Since the main interest for
this case was for times very near the launch point of the rocket, no de-
tailed modeling of the rocket trajectory was performed. Rather, the ob-
ject was moved along the straight line connecting the center of the earth
and the launch point (Re is the earth radius). Further, the velocity of
the rocket was set to some average value likely to occur during the first
few minutes of flight. Time zero occurred when the rocket was at a user-
specified altitude, Hm, and the radar was at its minimum distance from
that point. Note that the straight-line trajectory can make an angle B
with the radar orbital plane. Finally, the simulator allows the SLBM

to spin about its symmetry axis during flight,

The last encounter (Scenario 2d) to be simulated relates the satel-
lite-borne radar and an RV as shown in Fig. 5~4. Two parameters are re-
quired to fit an ellipse to the RV trajectory. The two selected here are
ground range, Rg’ and altitude at apogee, HA. As before, B is the angle
between the two planes of motion, time zero occurs when the two objects
lie along the line of intersection of these two planes, and the radar

and target may rotate in the same or opposite directions.

The dynamical motion of the RV is, in general, a complicated six-
degree-of-freedom problem. A much simplified model was used here. The
RV symmetry axis was held fixed along a line in the plane of the trajec-
tory and parallel to the tangent line to the trajectory at the impact
point. In this manner, the RV was oriented properly for reentry. The
spinning RV was maintained in a "nose down" position while being spun
about its symmetry axis; the tumbling RV rotated about an axis perpendi-
cular to the symmetry axis and in the trajectory plane.

5.2 RESULTS OF SIMULATIONS
The variety of input parameters listed in Table 5~1 for the computer

simulator shows that a very large number of different cases can be modeled.
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The parameter values listed in Table 5-~1 were selected for the purpose

of generating data and discussing how other choices of parameters would

b ARl et bZnin L R L bl e b i L oSl

affect the results. The quantities of interest (e.g., total cross sec-

tion) for a laser radar viewing the target were calculated with the pro- : ;

:
3
)
s
A
:

gram TARGSIM using the results of the scenario simulator program (e.g.,

aspect angles in the target coordinate system) as inputs.

5.2.1 Ground-Based Radar--Satellite Target (Scenario 1)

There are many different parameters that can be used to describe

this encounter. Figure 5~5 shows total cross section vs. time after
closest approach (culmination) for three combinations of the parameters
D and Y. Also given are the parameters range, elevation angle, and as-
pect angle (where useful), each of which evolves with time. The total
cross section curves would be very nearly symmetric about time zero

(minimum range).

In all cases, because the front (glinty) side of the solar paddles
have normal vectors which are along aspect angle 6 = 60°, while the radar
views aspect angles greater than 6 = 90°, no large glints can be seen.

In light of this, none of the total cross section curves changes dramat-
ically with time and non-coherent averaging of the return signal is easily
accomplished. The D = 0, Y = 0 curve (radar site in the satellite orbital
plane) requires that aspect angle ¢ be constant at +90° after culmination.
The total cross section behavior in time displays the form already shown

in Fig. 4-3 at this aspect angle.

The D = 500 km curves do not have a simple relation between the two
aspect angles 6 and ¢. The diffuse returen from the back of the solar
paddles is always larger for this scenario than that from the front of
the paddles. This causes the increase by a factor of three in total cross
section near culmination for Y = 0° vs. Y = 180°. However, the proper com-

bination of aspect angles needed to view the glint at or near normal in-

cidence to the back of the solar paddles does not occur.
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In general, the total cross section vs. time would not be symmetric
about culmination. Figure 5-6 shows such a case with the parameters D =
250 km and ¥ = 90° (paddle axis perpendicular to orbital plane). ¥ was
chosen so that the glint from the rear of the paddles is noticeably af-
fecting the total cross section for large negative times. Unfortunately,
in this case as well as those shown in Fig. 5-5, for times greater than
about 75 sec from minimum range, the elevation angle of the satellite
has fallen 60° or less. Because of the attendent increase in atmospheric
path length with decreasing elevation angle, ground-based viewing of the
satellite may not be feasible in this region. Also, note that the de-
crease in elevation angle with increasing D is more dramatic than the

corresponding increase in radar-target range.

Table 5-2 gives some values of the satellite rotation rate seen by
the radar for the three values of D discussed above. The maximum value
occurs at closest approach to the radar (maximum elevation angle). Since
the Meteor satellite is earth-center stabilized, it is slowly rotating
about its center of mass (period equal to the orbital period). The axis
for this "proper" rotation is perpendicular to the orbital plane. Addi-
tionally, the velocity of the satellite center of mass relative to the
radar causes an apparent rotational motion. When these two rotational
effects are vectorially combined, the proper rotation always decreases
the (larger) apparent center of mass rotation. Hence, the contribution
of the former is given as a negative percent in Table 5-2. It is seen

that the total rotation rate is in the 1-10 mrad/sec range.

5.2.2 Satellite-Borne Radar--Satellite Target (Scenario 2a)
Figure 5-7 shows total cross section vs. time for the case of co-

planar and co-rotating (circular motion in the same sense) objects. The
three curves show the range of possible cross section values depending
upon how the solar paddles are oriented relative to the radar. For the
coplanar case, at time zero, all values of { give the same total cross
section. (Note that the scale for ¢ is different by a factor of 10

TOT
for curve 3 from that for curves 1 and 2).
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While the cross-section behavior for the cases deacribed by curves
1 and 2 is much the same as for Scenario 1, curve 3 shows that the rela-
tively broad glint from viewing normal to the rear of the solar paddles
occurs abcut 20 min before (or after) closest approach. At this time
the separation between objects is about double the minimum value of 500 km.
Even in this case, however, it takes 150 to 200 sec for the cross section
to vary by a factor of 2. The large glint from the front of the solar
paddles could be visible only if the radar altitude is greater than that
of the satellite.

Placing the radar and satellite in different orbital planes does
not produce total cross-section curves differing greatly from those shown
in Fig. 5-7. Of more interest is the effect of counter-rotating objects
on the scenario. Figure 5-8 shows how the radar-target range varies with
time for co- and counter-rotating objects. For counter-rotating objects,
the encounter occurs during a much shorter time interval than indicaied
in Fig. 5-7. For B = 0°, the range doubles from the minimum value in
55 sec vs. 1100 sec for the co-rotating case. This rapid change in range
is virtually independent of B for the times shown in Fig. 5-8. In fact,
the earth obstructs the line of sight before B-dependent effects become

noticeable.

Table 5~3 summarizes the satellite rotation rate observed by the
radar. The remarks made in Sec. 5.1.1 concerning the vectorial combi-
nation of the two separate rotational effects to produce aTOIAL apply
here as well. As expected, larger rotation rates are observed for the
counter-rotating than for the co-rotation case with the increase coming
from the increased motion of the satellite center of mass relative to the
radar.

5.2.3 Satellite-Borne Radar--Cruise Missile Encounter (Scenario 2b)

The fundamental difference between the satellite and cruise missile
encounters is that the missile velocity is much smaller than the satellite
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orbital velocity. A value of 560 mph (0.25 km/sec) is used here. Because
the radar velocity is about 7.6 km/sec (500-km altitude orbit), the en-
counter is virtually uneffected by whether the radar and missile are co-

or counter-rotating. The missile altitude is 100 m.

The major feature of the total cross section of the Styx missile
(Fig. 4-6) is the large peak at normal viewing to the wings. Since the
encounter simulator places the radar and target along the line of inter-
section of their respective planes of motion at time zero, the total cross
section vs. time curve will always display this feature independent of B.
Figure 5-9 shows such a curve for B = 20°. While the large value of OTOT
would seem to ensure a measurable return signal, it should be remembered
that the effect of the atmosphere has not been included. Also, for this

scenario, the earth is in the background during the encounter.

Like the Meteor satellite, the Styx missile is in an attitude-
stabilized position during flight. However, as Table 5-4 shows, the prin-
cipal source of apparent rotation is caused by the relative motion of the
missile center of mass relative to the radar. Again, rotation rates of

about 1-10 mrad/sec are observed.

5.2.4 Satellite-Borne Radar--Booster Rocket Encounter (Scenario 2c)

. As described previously, the booster rocket was flown along a
straight-line trajectory from launch with a constant velocity. For the
SLBM modeled here, the average velocity during the first minute or so of
flight is between 1 and 2 km/sec. Figure 5-10 shows the observed total
cross section vs. time after launch for three values of B. Because only
the first 80 sec of flight are covered, the radar-rocket range is rela-
tively constant. Minimum range occurs when the rocket reaches an altitude
of 25 km. For longer times, the étraight—line approximation would cer-
tainly not be valid.
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